Abstract-The performance of a soft pneumatic robot (SPR) relies on the synergy between the mechanical design and the control unit that implements a closed-loop control between sensors and actuators. Most controllers are designed by using off-the-shelf components. Although commercial parts present high precision and reliability, they are heavy and bulky, limiting the realisation and design of untethered robots. The present study describes a wireless pneumatic control unit of a compact and light design that can control up to 3 pneumatic chambers. The unit includes pressure sensors and high precision miniaturised proportional valves. To simplify both the electrical cabling and the air tubes connections, a compact manifold is used to connect valves and pressure sensors. The control unit uses a Bluetooth RS232 serial module for a wireless communication.
I. INTRODUCTION Soft pneumatic robots have been widely studied during the last decades for their high compliant behaviour and safe interaction with the surrounding environment [1] , [2] . Research institutes have reported soft pneumatic systems for various applications, e.g. actuators with several degrees of freedom (DOFs) [3] [4] [5] [6] [7] , planar and spatial manipulation [8] , [9] , rehabilitation [10] , [11] , and various other applications [12] . The majority of the reported studies use an openloop control to test the mechanical performance. Closed-loop is mainly implemented by using off-the shelf components because of their high precision, reliability and the fact that they can be integrated with software, e.g. MATLAB R or LabVIEW, to easily implement a more sophisticated control behaviour. However, this approach limits the design of untethered robots, as these require a compact and light control unit. The present study reports a Wireless Compact Control Unit (WiCCU) for the design of untethered pneumatic soft robots. The design includes the state-of-the-art of miniaturised proportional valves for a precise control of the pressure inside a pneumatic chamber. Miniaturised pressure sensors are soldered on top of the electronic board and pressed to a manifold, to secure a sealed connection by means of a rubber O-ring. Inlet and outlet proportional valves are connected to the top of the 3D printed manifold. A Bluetooth module allows a wireless communication with an external device (e.g. laptop or a real time workstation) by using a serial port RS232. A DSP (digital signal processor) implements the lowlevel control (LLC). It includes a pressure PID (Proportional, Integrative, Derivative) closed-loop controller for each output chamber, by a communication protocol with an external device. WiCCU is hexagonal in shape to reduce overall size needed to allocate the 6 proportional valves (3 inlet and 3 outlet) in a star configuration: the hexagonal size length being 29 mm, height of 23 mm, width of 51 mm, and a total weight of 95 g. Experiments on pressure closed-loop control, step and sinusoidal profile with a frequency up to 0.5 Hz, have been reported for a linear pneumatic actuator (LPA). A small platform with 3 DOFs was constructed to report the simultaneous and precise control of 3 independent LPAs.
II. STATE-OF-THE-ART
The design of a pneumatic soft robot requires a control unit with sensors, valves, and an air/gas supplier. The air/gas is provided by electrical pumps [13] , a chemical pressure generator [14] , or a small tank with high pressurised C0 2 gas [8] . The first soft robot with all the components on-board was reported by Wehner et al. [14] . It has a chemical pressure generator for activation of the pneumatic chambers. Although this work represents a step forward in the design of untethered robots, the slow motion and output power limit its application. Tolley et al. [13] reported a quadruped robot 65 cm in length, weighting 5 kg, with on-board control unit, and all the required components for a fully untethered robot. The big size of the robot was required to carry the heavy control unit. The air was generated by an on-board electrical pump. Marchese et al. [8] reported an autonomous soft fish robot with on-board control and a small compressed gas cylinder and regulator, to provide the air for the pneumatic actuator by using proportional and on-off valves. Booth et al. [15] reported the design of a small pneumatic pressure regulator for the design of a distributed control using on-off valves to regulate the pressure and a big-bang control strategy. On-off valves have the advantage of being lighter and easier to be controlled than proportional valves, although the latter can perform a more precise control of the output air-flow and pressure. Another example of fluid control unit can be found on the Soft Robotics tool-kit website [16] : the design and construction of a fluid control board for educational purposes is described in detail. It includes off-the-shelf components and an Arduino board firmware to implement a soft pneumatic control by the use of solenoid valves. WiCCU design compared to the previously reported controllers' unit for untethered robot presents the following advantages:
i) use of on-board miniaturised proportional valves ensuring high precision control for 3 independent outputs airflow to implement a complex pressure profile, such as a sinusoidal wave; ii) design of a miniaturised manifold with pressure sensors directly connected to the chamber air flow with no need of any additional tubes, reducing the overall size and facilitating its integration in the design of an untethered pneumatic robot; iii) an integrated Bluetooth wireless module connection to avoid any wire for the communication with an external device controller.
III. MATERIAL AND METHODS
WiCCU is composed of 3 parts connected in 4 layers: i) 6 proportional valves (3 inlet and 3 outlet); ii) a manifold; iii) a Bluetooth wireless module; iv) an electronic PCB (printed circuit board) with on-board pressure sensors and a DSP (Digital Signal Processor). Each component is described in the following sections starting from the top layer, the pneumatic hardware.
A. Pneumatic hardware
Most of the miniaturised control units for pneumatic devices uses on-off valves [15] . Advantages include light weight and a simple control implementation by means of a digital output. A big-bang control is required to implement a closed-loop with pressure sensors. The state-of-the-art of miniaturised on-off valves (Parker X-Valve -Miniature Pneumatic Solenoid Valve) presents an activation time of at least 20 ms, which corresponds to an on-off bandwidth of less than 25 Hz. Its weight is 4.5 g and its size measures 23.27x7.87x12.19 mm. The continuous activation of the valve limits its life and reliability, which Parker reports as 25 million cycles in the worst-case scenario. Considering a continuously activation of the valve at 25 Hz, the worst-case life time can be considered as being 278 hours, about 11 and a half days. This on-off controller also creates spikes on the output pressure. These spikes are partially filtered by the soft behaviour of a pneumatic device, although this low frequency may create resonant problems during use. This on-off solution limits the precision of the output-controlled variable, especially when a sinusoidal wave is required to be implemented. In fact, a previous study [15] has reported a ramp profile closed-loop control with a period of 50 seconds, 0.02 Hz. There is a limited range of miniaturised proportional valves available in the market. The use of proportional valves requires the DSP to provide an analogue output and this may increase the complexity of the control architecture. A DSP analogue output can be implemented by using a PWM (Pulse Width Modulation) and a low pass filter for each valve. In addition, proportional valves compared to on-off valves are slightly bigger and heavier, and the power consumption may be higher. However, the proportional regulation of the air nozzle provides a precise control of the output flow, even when the input air pressure of the control unit is much higher than the output pressure inside a pneumatic chamber. Because of this advantage, the design of WiCCU uses miniaturised proportional valves (MPVs 
B. Manifold
The manifold is 3D printed from Polyjet RGD525, as it is shown in figure 2 . A cross-section ( figure 2-b) shows the flow connections between the air generator and the output chambers OC i . It has 3 tubes connectors of 2.5 mm diameters having multiple inputs in case higher air flow is required. The air generator is connected to an input channel (IC), which courses around the inner part of the manifold. It has a cross-section area of 6.28 mm 2 , a total length of 95 mm, and it is connected to the 3 inlet valves (IV i ) port. An output channel, 3 in total, connects the IV i output port together to the output chamber (OC i ), the input port of the output valve (OV i ), and the pressure sensors (P S i ). Each output channel has a cross-section area of 4.40 mm 2 and a total length of 22.50 mm. A rubber O-ring (outer and inner diameter, and cross section of 7x3x2 mm) seals the P S i connection to the manifold. To secure the sealing and avoid any air leakage, the electronic board and the P S i are pressed to the manifold. The manifold and the frame are connected using 6 screws with nuts to distribute the forces on the PCB. An additional frame supports the bottom side of the PCB to avoid any mechanical stress, which is higher in proximity of the P S i .
C. Control architecture
The WiCCU control architecture is shown in figure 3 . The PCB includes 3 pressure sensors (P S i , i = 1, 2, 3), a Microchip DSP (dsPIC33EP128GM304), and it is connected by means of an RS232 serial port to a wireless Bluetooth module (Guangzhou HC Information Technology Co. Ltd., HC-06). The P Ss are from Honeywell NBP series, SMT-PN lead-less, with a maximal pressure of 207 kPa, an error of ± 0.25%, and a size of 7.00x7.00x3.84 mm. They are in a Winston bridge configuration and the signal is amplified and sent to the 12-bit A/D converter of the DSP. The resolution is 80 Pa for a single digital step. The Bluetooth module works like a bridge between an external device and WiCCU. Any external device can send and receive data by adding the Bluetooth module in the system peripherals, which creates a standard RS232 with a bandwidth up to 1 Mbit/s. Multiple units can be connected together to create a network with a higher number of pneumatic devices. Each proportional valve (P V i ) is controlled by adjusting the duty cycle of a PWM (pulse width modulation) output (P W M di ). It has a 12 bits resolution, and a voltage step of 1.22 mV, when the input power is 5 V. The DMA (Direct Memory Access) acquires the 3 P S i analogue output and it stores their values in an array 3x1. The use of the DMA reduces the computational burden to the DSP. The firmware implements 2 parallel tasks: i) communication from and to the Bluetooth module and data signal decoding; ii) 3 PID controllers, 1 for each chamber (C i ). The PID controller closes the loop at 1.5 KHz between the commanded pressure P ri and the chamber pressure P i . The output of the PID controller is the duty cycle of the P W M i (P W M di ), with a frequency of 15 KHz. In addition, WiCCU has an open-loop mode to control only the P W M di output, which allows any user to implement a high-level control in an external realtime workstation. The closed-loop control is described by the following equation:
The equation 1 describes a PID controller and the equation 2 describes the P W M di to each proportional valve. P W M do is the minimal voltage threshold needed to activate the valve. In this study, MATLAB R has been used to control and monitor the data, i.e. pressure sensors (P i ) and P W M di outputs.
D. Power Consumption
The control board voltage input ranges from 5 up to 12 V. A battery pack or a USB port with the power specification reported in table II can power WiCCU. To limit the voltage to the proportional valve, a maximal PWM duty cycle can be adjusted in the control setting, according to the input voltage:
12 is the resolution of the PWM output, V P V = 5 V is the nominal voltage of the proportional valve, and V i is the input voltage. This limit of the PWM will reduce the range of resolution of the voltage output. The power consumption of WiCCU is 0.3 W when all the valves are deactivated. The worst scenario is when the 3 valves are simultaneously activated with the maximal P W M di , then the total consumption is 6.3 W, with a consumption of 2 W for each PV. The average consumption of the PV reported by Parker (Warwich, United Kingdom), is 1 W, becoming 3.3 W when 3 valves are activated. In the reported experiments, the P W M di never achieved the maximal value. The worst-case scenario is unlikely to happen because this requires that all the input pressure is transferred to the output chamber. The autonomy of the control unit is related to the additional batteries weight required in an untethered robot. As an example, considering an on-board battery pack of 3 Alkaline AAA, V in = 4.5V, total weight of 34.5 g (3x11.5 g), capacity of 0.6x3=1.8 Wh, the average autonomy of the control unit would be about 32 minutes. With 3 Alkaline AA batteries, the total weight would be of 3x24g=72 g, with a capacity of 4.28 Wh and the average autonomy would be 1 hour and 18 minutes. Table II figure 4 : a LPA and a platform base with 3 LPA. In both cases, experiments reported step and sinusoidal wave pressure profiles and P W M di for each LPA i . All the experiments were performed by using a low-cost pump for airbrush AS-18, with a maximal pressure of 700 kPa, and airflow of 20-23 L/min). The maximal pressure of the airpump was limited to 200 kPa, which is the maximal range of the pressure sensors.
A. Linear Pneumatic Actuator (LPA)
The LPA has a cylindrical shape, an external and internal diameter, a total length of 30x22x30 mm, as it is shown in figure 4 . The air cross-section area is 283.50 mm 2 . All the experiments were performed with the LPA in vertical position and with no external load. A step profile has been investigated with different commanded pressures, P r = {20, 30, 40, 50, 70, 90} kPa as shown in figure 5 -a. The tuning of the PID controller was done before performing the experiments by trial and error, and the final parameters were:
This was the best combination of the PID parameters to avoid oscillations and overshot of the pressure with the designed LPA. Ten trials for each step were performed and the average value reported in the graphs. There were no evidence of any negative overshot. This was related to the fast response of the system and the K d parameter of the PID controller. As an example, figure 5-d shows the 40 kPa step profile with the P W M di for the input and output valves. It is evident that the inlet valve reduces the P W M di when the commanded pressure is approaching. This is related to the choice of the K d parameter. The P W M d of the OV has a spike to avoid any negative overshot and to achieve the desired pressure P r . A small spike, when the pressure rises, is related to both the elastic behaviour of the LPA and the K d parameter. This spike is quickly compensated with the PID and no oscillation is shown in the pressure profile. To further investigate the performance of WiCCU, pressure sinusoidal waves have been implemented: The system can follow a sinusoidal wave at 0.5 Hz with an amplitude of P A = 25 kPa, and with an amplitude of P A =15 kPa at 1.0 Hz. The P W M d , after a transient time, is higher for the IV than for the OV . This is related to the input airflow which is higher than the output airflow to deflate the chamber. A vacuum pump connected to each OV i would reduce this time and consequently would increase the sinusoidal wave frequency that can be performed by the LPA. A transient phase is shown in the first part of the sinusoidal control. The results of the step profile and the sinusoidal wave are reported in the figure 5 (a, b, c, d) .
B. Platform with 3 LPAs
Simultaneous activations of 3 different LPAs was tested in a platform with 3 DOFs with WiCCU fixed by 6 screws on top of it, as shown in figure 4 . An external air pump and a power unit were connected to WiCCU with 1 air tube and 2 wires (positive and negative voltage). Experiments were performed with sinusoidal profiles to all the chamber simultaneously and with 1 LPA in opposite phase. Sinusoidal waves P ri = P 0 + P A sin[2πf − i(t − δ i )] with f = 0.25 Hz with same phase for all the LPAs, and δ 3 = 2 seconds, for the LPA 3 . Graphs in figure 5 (e, f) shows the sinusoidal waves profiles. PID parameters were the same for each LPA. When the sinusoidal waves were all in phase, the commanded pressure were all similar and no spikes were detected (Fig. 5-e) . When the sinusoidal wave phase in LP 3 was opposite to LP 1 , and LP 2 , spikes and overshoot were evident in the profile (5-f). This is related to the disturbance of the simultaneous activation of the input and outlet valves that have produced noise in the air flow. This noise is related to the air pump used for these experiments, not able to produce a constant air flow. In addition, the platform was not fixed to the ground and therefore the friction force between each LPA and ground could have affected the stability of the output pressure profile.
V. CONCLUSION
The design and experiments of a novel Wireless Compact Control Unit (WiCCU) are reported. This unit can be used to design an untethered pneumatic device because of i) its light weight, ii) high precision to control various pressure profiles, iii) a low power consumption, and iv) wireless communication. Experiments to control a LPA and the simultaneous activation of 3 LPAs with sinusoidal pressure profiles have shown good precision and repeatability. The wireless solution and the manifold included in the compact design, reduces the number of wires and tubes needed to design a pneumatic device. Several units can be controlled together by using RS232 serial ports from a single or multiple device for a distributed high-level control. WiCCU addresses the design of a fully untethered robot by using on-board battery and a small tank of air/gas. Additional improvements can be made by including other sensors in the control loop, such as IMU (Inertial Measurement Unit) and stretchable sensors in each LPA. This can allow the device to implement a posture stability control and position control of the 3DOFs base.
